The base-release activity of oxygen adduct of bleomycin-Fe(ll) complex ] from DNA decreased with a half-life of 5.2 minutes, when incubated at 0°C in 0.05 M Tris-HCl buffer at pH 7.8 in the absence of DNA. Under the same condition, however, visible and ESR spectra showed that the adduct was immediately converted into the ferric complex. The ESR study further indicated the simultaneous formation of two kinds of the low-spin BLM-Fe(III) complex. One of them disappeared in parallel with the decrease of the base-release activity and transformed into the other. The latter Fe(III) complex was stable but inactive. However, by addition of hydrogen peroxide to the latter, the former was regenerated and the base-release activity appeared. Oxygen concentration measurements by oxygraph showed that one mole of BLM-Fe(II) consumed approximately 0.5 mole of molecular oxygen instantly, but did not any more thereafter in the absence of a reducing agent. While in the presence of 2-mercaptoethanol, the oxygen consumption proceeded biphasically, and equimolar oxygen was consumed by BLM-Fe(II) in the first rapid reaction.
(II) is reduced by one electron transfer from an external electron donor and the resulting BLMFe(III)-O2H-[or its deprotonated form: BLM-Fc(lll)-O22-] shows the activity to break DNA accompanying the base-release.
Bleomycin (BLM) is a group of glycopeptide antitumor antibiotics discovered by UMEZAWA et al.
from the culture filtrate of Streptomyces verticillaus1). The cytotoxicity of BLM has been found to be related to its ability to induce intracellular breakage of DNA2, 3) .
DNA degradation by BLM in vitro occurs in the presence of ferrous ion and molecular oxygen, and it is promoted by addition of hydrogen peroxide and reducing agents such as 2-mercaptoethanol, dithiothreitol and ascorbic acid'4~8). BLM with ferric ion does not cause DNA degradation in the absence of a reducing agent, but does it in the presence of the reducing agent9,10). BLM forms a complex with ferrous ion") and the three-dimensional structures of BLM-Fe(II) complex and its oxygen adduct were proposed on the basis of X-ray crystal- 
Chemicals
Bleomycin A2 (BLM) was prepared at the research laboratory of Nippon Kayaku Co., Tokyo, and molar concentrations of the drug were determined on the basis of the molecular weight of 1,487. Calf thymus DNA was purchased from Sigma Chemical Co., Saint Louis, Catalase from Miles Laboratories, Ltd., Elkhart, IN, Fe(NH4)2(SO4)2.6H2O from Hikotaro Shuzui Co., Tokyo, hydrogen peroxide from Mitsubishi Gas Chemical Co., Tokyo, and 2-mercaptoethanol (2-ME) from Tokyo Kasei Kogyo Co., Tokyo.
Determination of the Base-release Activity of BLM The base-release reactions were conducted for 5 minutes at 37°C. The reaction mixtures consisted of 0.05 M Tris-HCl, pH 7.8, various concentrations of BLM-Fe(II), 1 mg/ml calf thymus DNA. The amount of thymine released from DNA was measured by high performance liquid chromatography in the same way as described previously, except using Brownlee MPLC Guard Column Anion (Brownlee Labs. Inc., Santa Clara) in the place of DEAE-Sephadex A-259).
Optical and ESR Spectra Optical absorption spectra were recorded with a Hitachi model 200-20 spectrophotometer equipped with a thermoregulated assembly. X-Band ESR spectra were obtained at 77K with a JEOL JES-PE-I X spectrometer with 100 kHz field modulation.
Samples in quartz tubes were frozen with liquid nitrogen. The g-values were calibrated with 1,1-diphenyl-2-picrylhydrazyl (g=2.0036) and Mn(II) in MgO (4H3-4=86.9 G).
Oxygen Consumption Oxygen consumption was measured by a Gilson Model K-ICT-O oxygraph with a Clark electrode and calibrated by the method described by ROBINSON and COOPER").
Results
The degree of DNA degradation by BLM, Fe(ll) and oxygen can be shown by the amount of the released thymine, which is quantitatively measured by high performance liquid chromatography9). The amount of the released thymine correlates linearly Fig. 1 . Inactivation rate of the thymine-release activity of BLM with Fe(II) and oxygen at 0`C at pH 7.8.
The mixture containing 0.05 M Tris-HCl, pH 7.8, 0.24 mM BLM and 0.20 mm Fe(II) was incubated at 0°C under aerobic condition.
Ferrous ion was added last. At the indicated incubation time, aliquot of the mixture was added to DNA solution to measure the remaining base-release activity by the method described in Materials and Methods.
with the concentration of BLM-Fe (II). Therefore, the kinetics of DNA degradation by BLM can be studied by this system. We found that the thymine-release activity of BLM was completely lost within one minute of incubation at 37°C at pH 7.8 after complex formation between BLM and Fe(II) under aerobic condition, while at 0°C the activity decreased gradually as shown in show the DNA-degradation activity.
V V ions at 0°C at pH 7.8 under aerobic condition.
Two low-spin ferric species were detected within 30 seconds. One has the g-values of 2.24, 2.17 and 1.93, and the other has 2.37, 2.18 and 1.88. The former species, which exhibited the reduced spread in g-value, disappeared with a half-life of about 5 minutes and was converted into the latter. The disappearance of the former species was in parallel with the loss of the base-release activity. This result suggested the BLM-Fe(III) complex with the reduced spread in g-value to be an active intermediate. Fig. 4 shows oxygen uptake by BLM-Fe(II) complex at 0°C or 37°C at pH 7.8 in the absence or presence of 2-ME. The oxygen uptake completed within one minute in the absence of 2-ME at both temperature. This result corresponded to the rapid appearance of BLM-Fe(III) complex detected by visible and ESR spectra. The molar ratios of oxygen consumed by BLM-Fe(II) complex were 0.48 at 0°C and 0.44 at 37°C, and in the presence of DNA it was 0.59 at 37°C. In the presence of 2-ME,'the oxygen uptake proceeded biphasically, and the molar ratio of the consumed oxygen to BLM-Fe(II) in the initial phase was 0.86 at 37°C, about two times of that in the absence of 2-ME (Table 1) . Since BLM-Fe (II) complex consumed about 0.5 equivalent oxygen in the absence of the reducing agent, there was a possibility that the oxygen was reduced by two electron transfer to form hydrogen peroxide. Therefore, the oxygen uptake was examined in the presence of catalase. As shown in Table 1 , catalase had no influence upon the oxygen uptake by BLM-Fe(II) complex, that is, no hydrogen peroxide was generated in this redox system in the absence or presence of DNA.
It is reported that DNA strand scission by BLM is stimulated not only by various reducing agents, but also by hydrogen peroxide6,8). Our experiment shown in Fig. 5 also indicated that the thymine- 
Discussion
It has been reported that molecular oxygen and ferrous ion are essential for DNA strand scission by BLM4-6).
Most investigators have the view that oxygen is reduced by BLM-Fe(II) complex and the resulting oxygen radicals such as 02_ and -OH attack DNA and cause the strand scission concomitant with release of the DNA bases10, ll,14~16, 19.20 As shown by the visible and ESR spectra (Figs. 2 and 3) , BLM-Fe(II) complex is immediately oxidized to BLM-Fe(III) complex even at 0°C under aerobic condition.
However, under the same condition the thymine-release activity of BLM decreased gradually with a half-life of 5.2 minutes (Fig. 1 ).
This fact suggests that the active intermediate of BLM-iron complex is a kind of BLM-Fe(llI) complex. The ESR study further indicated that two kinds of low-spin BLM-Fe(III) complex (one has the g-values of 2.24, 2.17 and 1.93 and the other has 2.37, 2.18 and 1.88) were formed simultaneously and almost equally (Fig. 3) . We found that the former complex with the reduced spread in g-value disappeared almost in parallel with the decrease of the thymine-release activity of BLM, and was transformed to the latter. Therefore, the former Fe(III) complex was considered to be the active form of BLM-iron complex. BLM-Fe(Ill) complex formed directly from BLM and ferric ion gave the same ESR spectrum as the latter and had no activity21).
Therefore, the active BLM-Fe(III) complex should carry a reactive oxygen at its sixth coordination site.
We found that one mole of BLM-Fe(II) complex consumed approximately 0.5 mole of molecular oxygen in the absence of 2-ME, and during this oxygen-consumption process no hydrogen peroxide was liberated (Table 1) . While in the presence of 2-ME, the equimolar oxygen was consumed in the first phase reaction.
We also found that addition of hydrogen peroxide to the inactive BLM-Fe(III) complex regenerated the active BLM-Fe(III) complex with the reduced spread in g-value (Fig. 3) , and the baserelease activity appeared (Fig. 5) . These results suggest that the oxygen adduct of BLM-Fe(II) complex, This reaction is supported by the ESR study which showed that two kinds of low-spin BLM-Fe(HI) complex were formed simultaneously and almost equally. SUGIURA et al.14) also has observed these two kinds of low-spin ferric species.
However, the stable low-spin ferric species was not detected at the very early stage (3 seconds at pH 6.9) in the reaction of BLM-Fe(II) with oxygen. SUGIURA tentatively assigned these two kinds of low-spin ferric species to BLM-Fe(III)-H2O
(unstable) and BLM-Fe(III)-OH-(stable).21) The stable low-spin ferric species observed in the initial stage by us is suggested to be produced via a high-spin ferric species.
The presence of the high-spin ferric species at the initial step has been shown by DABROWIAK22). It is reasonable to speculate that the high-spin ferric species, of which the sixth coordination site should he vacant, is transformed to the stable / low-spin ferric species by ligation of -OH at the vacant sixth coordination site. Our observation of two kinds of the low-spin ferric species and no detection of the high-spin -581 VOL. XXXIV NO. 5 THE JOURNAL OF ANTIBIOTICS ferric species at the initial stage can be reasonably explained by the rapid and complete transformation of the high-spinspecies to the stable low-spin species. In our experimental condition at pH 7.8 (which is higher than 6.9) and 30 seconds, this transformation should occur rapidly and be completed. The reaction process 1) may be shown more in detail as p. 580. Exposure of oxyhaemoglobin [Hb-Fe(II)-02] to 60CO ;--rays at 77K gave Hb-Fe(III)-O22-and its protonated form by electron capture 23), whose g-values are very close to those of the active form of BLM-Fe(III) complex. This is an support to our proposed BLM-Fe(III)-O2H-structure for the active form. This structure is also supported by the direct formation of the active form from the inactive BLM-Fe(III) complex and hydrogen peroxide [reaction 3)]. In the presence of a reducing agent, BLMFe(11)-02 seems to be reduced by the reducing agent [reaction 2)]. The slow oxygen uptake in the second phase in the presence of 2-ME appears to be due to oxygen uptake of recycled BLM-Fe(II)9) (see Fig. 6 ) and oxygenation of the reducing agent. Fig. 6 shows our proposed reaction pathway of BLM action to DNA. The reducing agent such as 2-ME plays its role in the two ways: first, the reductive production of the active intermediate, BLMFe(III)-02H-, from BLM-Fe(II)-O2 complex, second, the reductive regeneration of BLM-Fe(II) complex from the inactive BLM-Fe(III) complex9). The active intermediate is also produced directly from the inactive BLM-Fe(III) and hydrogen peroxide. Accordingly, molecular oxygen and reducing agents are not necessarily required for DNA degradation by BLM-iron complex in the presence of hydrogen peroxide. However, since the concentration of reducing agent such as ascorbic acid and sulfhydryl compounds is much higher than that of hydrogen peroxide in cells24), the pathway including molecular oxygen and the reducing agents should be more important for the action of BLM to DNA in vivo.
We have observed that no hydrogen peroxide is liberated in the redox reaction between BLM-Fe(Il) and molecular oxygen and in the DNA-degradation reaction. Several investigators have claimed that superoxide or hydroxyl radical are responsible for the DNA degradation by BLM15, 16, 20) . Future work is directed at pursuing the reactive oxygen species of BLM-Fe(III)-O2H-(or -O22-) in the DNA-degradation reaction. 
